INTRODUCTION
The objective of the Nuclear-Powered Artificial Heart Prototype System Develop- a fully implantable nuclear-powered artificial heart with a mean life (life expectancy) of 10 yr. This report investigates the reliability of such an artificial heart system. Here, reliability is defined as the probability that a device will perform adequately for a specified period after implantation.
It also indicates the implications of various assumptions about subsystem or component reliability and the requirements that may be imposed on component structure in light of DBER's objectives.
For simplicity, the heart is treated first as a single basic unit. By assuming that the artificial heart system failures can be modeled by a particular probability distribution, the probability of a failure in the system within 1, 2, ....
I
15 yr is calculated.
In particular, the exponential, normal, lognormal, gamma, and Weibull distributions are considered.
In reality, however, the artificial heart is composed of 4 subsystems with 53, 37, S, and 4 components, respectively. 1
Using the probability distributions mentioned previously and further assuming that the heart is a simple series system each of whose subsystems and components has the same failure distribution, the mean life required of each subsystem and, subsequently, of each component is calculated. In this calculation, however, it is necessary to alter DBER's objective of developing a heart with a mean life of 10 yr by considering a heart with a median life of 10 yr instead.
(Discussion of this topic begins on page 10.) Given results whose distribution is unknown, the additional constraint of setting equal to 0.5 the probability that the system's tine to failure will be less than or equal to 10 yr, i.e., P(T < 10) = 0.S, makes 10 yr the median of the distribution by definition. 
THE HEART AS A SINGLE BASIC SYSTEM

The Exponential Failure Distribution
The exponential distribution is chosen as the failure distribution if it can be assumed that the failure rate function is constant, say A . This assumption implies a lack-of-memory property or no "aging" effect.
Let T be a random variable that represents system time to failure. The exponential probability density function, pdf, is
where t denotes time. The mean, E(T), is A which when set equal to 10 yr, the mean life of the heart system, implies that the variance is V(T) = A2 = 100. The standard deviation or positive square root of the variance is SD(T) = 10. To calculate the probability of a failure in the system within t years, use
where P(T < t) often is denoted by F(t), the (cumulative) distribution function or cdf . Figures 1-3 are graphs of the exponential pdf, calf, and failure rate function, respectively.
The probabilities of k = 10 and t = 1, 2, ..., 15 are summarized to four decimal places in Table I (at the end of this report). Note that when t = 7 yr, the probability of a failure in the system is 0.5034 and when t = 10 yr, the probability is 0.6321. For the probability of a failure within 10 yr to be about 0.5, a mean life of 14.4 yr is required.
.
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The Normal Failure Distribution
If the system is subject to aging or gradual failure of its electrical or mechanical components, a normal distribution may be useful in characterizing the failure distribution. The normal pdf is
The probabilities for this standardized normal distribution with mean zero and variance one (standard deviation one) are conveniently tabulated and available in most 2 statistics texts.
As two parameters, p and o, are involved, set p = 10 and select various and arbitrary values of u to investigate the quantity P(T~t). Tables   II-VI exhibit the calculations for p = 10 and c = I, 3, 5, 7, and 10, respectively.
The normal pdf, calf, and failure rate func- Thus , the probability t years can be ex-= P(x~2t/s).
at probability, three . approximations may be used.> The first approximation standardizes the random variable X, that is, subtracts its mean, v, and divides by its standard deviation, = .
As V+-, the standardized chi-square distribution approaches the standardized normal distribution. Thus ,
The second approximation is known as 
where y is the shape parameter and 6 is the scale parameter. When y = 1, the Weibull pdf becomes the exponential pdf. An exponential-type graph which can be used to characterize a decreasing failure intensity rate results when y < 1. Also, Weibull pdf's with y < 1 are useful in describing catastrophic failures. Wheny > 1, the graph of the Weibull pdf is unimodal.
In a more general case, wear-out failures and increasing failure intensity rates are best characterized using y > 1 and t>~>o.
The mean and variance of the Weibull distribution are given by
To calculate the probability of a failure within t years, the values of y and B must be determined. The results are shown in Tables II-VI. 2.6. Summary : The Probability of a Failure in the Heart System For the exponential distribution, the probability of a failure in the heart system is high during the initial years, reaches 0.5 before the seventh year instead of the tenth year, and does not exceed 0.8 even during the fifteenth year.
The results ,for the other distributions considered (see Tables IT-VI) A HEART COMPOSED OF 4 SUBSYSTEMS AND
COMPONENTS
The four subsystems of the artificial heart are a thermal converter, a blood pump, a flexible shaft assembly, and a cooling system. 1 It will be assumed that they are connected in series; that is, failure of any one subsystem implies failure of the entire heart system, where each subsystem operates independently of the others (Appendix A).
The Exponential Failure Distribution
First, consider the case in which each subsystem has an exponential failure distribution with parameter A. The probability of a failure in the system within t years is P (TS St)
= P (at least one subsystem fails before time t) = 1 -P(ssl> t, SS2> t, SS3> t, SS4> t)
where S refers to system and SSn refers to The probability of a failure in the heart is now given as
(at least one subsystem fails before time t)
-P(ssl> t, SS2> t, SS3> t, SS4> t) -P(ssl> t) P(SS2> t) P(SS3> t) should have a mean life of (kl + k2 + k3 + k4) x 10 yr for the heart to have a mean life of 10 yr. As there are 99 components in the artificial heart, the requirement is an incredible mean life of 990 yr each.
Of The latter values, especially, are probably impossible to achieve in practice.
The Normal Failure Distribution
When each subsystem has a normal failure distribution with parameters P 2 and u , the probability of a failure in the system within t years is In determining the mean life required of each subsystem given 10-yr mean life of the heart, there is the problem that the above result is not normally distributed.
In an attempt to solve the problem, additional constraints are imposed and a trial and error process is used. Results of using the other previously given values for the mean and standard deviation of the components of each of the four subsystems are shown in Table VII .
Still another approach may be taken.
If each subsystem is required to have the same normal distribution, specifically, the same median life, then the mean life of -each component in a particular subsystem can be calculated using
'1-[&exp(-7 =005
To illustrate, for subsystem I, setting u = SD(TC) = 1 and using the previously calculated value E(TSS) = 11.00 = t gives Table VIII .
The Lognormal Failure Distribution
If each subsystem has a lognormal failure distribution with parameters P and 02, the probability of a failure in the heart within t years is exp(-z2/2) dz En loge t-P u = 0.5 .
These calculations are given in Table X .
The Gamma Failure Distribution
When each subsystem has a gamma failure distribution with parameters a and 8, the probability of a failure in the system within t years is P(T <t \s-) As for the mean life values of the 99 components, the lowest requirements came from using the gamma distribution, whereas the highest came from using the Weibull distribution.
Assuming that each component of the heart system has the same failure distribution gives median life values of each subsystem with k components derived using a normal distribution, a lognormal distribution, and a gamma distribution which are very similar to each other. Note that the median life required of a subsystem with fewer components is a few years longer than that of a subsystem with more components; i.e., the fewer the components, the less likelihood of a failure in the system, so the longer the median life. Just the opposite is true if each subsystem is assumed to have the same failure distribution, in particular, the same median life. Then, the fewer the components in the subsystem, the shorter the mean life required of each component.
It is recommended that experimental data obtained by testing the heart system be used to suggest failure distributions and parameter values of practical interest in calculating the probability of a failure within t years and the mean or median life required of a particular subsystem or component.
Although these computations will be more difficult, the results will be more realistic.
APPENDIX A SYSTEM RELIABILITY
Because the heart is assumed to be a simple series system of components,
where RS is the system reliability and Rn is the reliability of the individual components. Given the apportioned reliability of the components as shown in Table 5 
